We report for the first time on simultaneously longitudinal and transverse self-mode locking in a diode-pumped Nd:YVO 4 laser to achieve a pulse train traveling along the zigzag multi-pass trajectories in the degenerate cavity. At a pump power of 2.5 W, the average output powers in the mode-locked operation are 490 mW and 520 mW for the M-mode and Z-mode, respectively. The pulse widths are measured to be approximately 22.2 and 21.1 ps for the M-mode and Z-mode, respectively.
Introduction
In 1954 Pierce [1] first analyzed the propagation of a paraxial electron beam in a periodic focusing system. In 1964 Herriott et al [2] used Pierce's analysis to demonstrate that an incident off-axis laser beam could be reflected by the two spherical mirrors forward and back to form closed zigzag paths when the cavity length is satisfied with the re-entrant condition. Since then, Herriott-type multi-pass cavities have been widely used in various applications, such as optical delay lines [3] , absorption spectroscopy [4] , Raman conversion [5] [6] [7] [8] , high-power laser systems [9] and low repetition rate ultrafast laser cavities [10] [11] [12] . Thanks to the advent of the diode-end-pumping scheme, multi-pass continuous-wave lasers have been efficiently realized in solid-state lasers with off-axis pumping [13, 14] .
The re-entrant condition is given by f T / f L = P/Q, where P and Q are co-prime integers, f L is the longitudinal mode spacing, and f T is the transverse mode spacing. The laser resonator satisfying the re-entrant condition is called the degenerate cavity. Auston [15] and Smith [16] observed that simultaneous phase locking of longitudinal and transverse modes in a degenerate cavity could produce a mode-locked wavepacket traveling along the zigzag multi-pass orbit. Since the first experiments in the He-Ne laser [15, 16] , simultaneous mode locking has been also reported for the Nd:glass, and CO 2 laser systems [17] [18] [19] [20] . However, more practical investigations for simultaneous mode locking are hindered by the inefficiency and the lack of controllability. Recently, the diode-end-pumping approach has been widely used to achieve efficient self-mode-locked TEM 00 operations in Yb-doped [21] [22] [23] [24] and Nd-doped [25] [26] [27] [28] crystal lasers. Here the self-mode locking means that no additional active or passive mode-locking elements (such as saturable absorbers) are used in the laser cavity. These successful experiments pave the way for employing the diode-pumping scheme to build an efficient multi-pass self-mode-locked laser.
In this letter we report for the first time on simultaneous self-phase-locking of longitudinal and transverse modes in a diode-pumped Nd:YVO 4 laser with the off-axis pumping scheme in the degenerate cavity. With a pump power of 2.5 W, the average output powers are found to be 490 mW and 520 mW for the M-mode and Z-mode at the cavities of f T / f L = 1/4 and f T / f L = 1/3, respectively. The mode-locked pulse widths are approximately 22.2 and 21.1 ps for the M-mode and Z-mode, respectively. For the first time to the best of our knowledge we have realized the total self-mode locking of multi-pass geometric modes in a diode-pumped Nd:YVO 4 laser with the off-axis pumping scheme. Figure 1 depicts the experimental setup for simultaneous locking of longitudinal and transverse modes in a concaveplano resonator with the off-axis pumping scheme [25, 26] . The gain medium is a-cut 0.2 at.% Nd:YVO 4 crystal with a length of 10 mm. Both end surfaces of the Nd:YVO 4 crystal were coated for antireflection at 1064 nm (R < 0.2%) and wedged 2 • to suppress the Fabry-Perot etalon effect. The laser crystal was wrapped with indium foil and mounted in a water-cooled copper holder. The water temperature was maintained around 20 • C to ensure stable laser output. The front cavity mirror was a 30-mm radius-of-curvature concave mirror with antireflection coating at 808 nm on the entrance face and with high-reflectance coating at 1064 nm (>99.8%) and high transmittance coating (T > 95%) at 808 nm on the second surface. The distance between the laser crystal and the front mirror was approximately 2-3 mm. The output coupler was a wedged flat mirror with 5% transmission at 1064 nm. The pump source was a 3.0-W 808-nm fiber-coupled laser diode with a core diameter of 100 µm and a numerical aperture of 0.16. A focusing lens with 5 mm focal length and 85% coupling efficiency was used to re-image the pump beam into the laser crystal. The average pump size was approximately 70 µm. 
Experimental setup

Results and discussion
For a concave-plano resonator, the longitudinal and transverse mode separations are respectively given by f L = c/2L and
R is the radius of curvature of the concave mirror, L cav is the geometrical length of the cavity, L cry is the length of the laser crystal, and n is the refractive index of the laser crystal. As observed in the previous work [29] , longitudinal self-mode locking with single pure high-order transverse modes could be generated in a usual cavity length with off-axis pumping. Here we systematically change the cavity length to observe the variation of the self-mode-locking phenomenon. We confirm that when the cavity length is adjusted to be the degenerate cavity, simultaneous phase locking of longitudinal and transverse modes can be achieved and produces a wavepacket traveling along the closed ray paths. We use the re-imaging lens to record the transverse patterns at the different longitudinal positions of the cavity. Figures 2(a) and (b) show the experimental transverse patterns obtained at the cavity lengths to fulfil the conditions of f T / f L = 1/4 and f T / f L = 1/3, respectively. It can be seen that the transverse patterns in figures 2(a) and (b) display the laser modes to be localized on M-shape and Z-shape trajectories, respectively. Figure 2 (c) depicts the experimental results for the average output power versus the incident pump power. At an incident pump power of 2.5 W, the average output powers are found to be 490 mW and 520 mW for the M-mode and Z-mode, respectively.
The far-field pattern of the simultaneously longitudinal and transverse mode-locked laser displays a characteristic of multiple Gaussian spots. We used two high-speed InGaAs photodetectors (Electro-optics Technology Inc. ET-3500 with rise time 35 ps) to identify the time sequence of the modelocked pulse train by comparing reference measurements. The first photodetector was employed to measure the temporal behavior in one fixed spot of the far-field pattern for reference. The second photodetector was used to measure the temporal signals in different spots of the far-field pattern for comparison. The output signals of the photodetectors were connected to a digital oscilloscope (Agilent DSO 80000) with 10 GHz electrical bandwidth and a sampling interval of 25 ps. Figures 3(a) and (b) show the experimental results for the pulse trains of the M-mode and Z-mode, respectively. It can be seen that the relative shifts of the time sequences between Assuming temporal intensity to be a Gaussian shape, the mode-locked pulse durations for the M-mode and Z-mode can be calculated to be approximately 23.6 ps and 22.4 ps, respectively. Consequently, the time-bandwidth product of the mode-locked pulse can be found to be nearly 0.51, which is slightly larger than the Fourier-limited value of 0.44. The chirped pulses mainly come from the group velocity dispersion introduced by the gain medium.
Conclusions
In summary, we have experimentally demonstrated that simultaneous self-phase-locking of longitudinal and transverse modes can be achieved in a diode-pumped Nd:YVO 4 laser with the off-axis pumping scheme in the degenerate cavity. The self-mode-locked operation for the M-mode and Z-mode has been presented in the cavities with f T / f L = 1/4 and f T / f L = 1/3, respectively. At a pump power of 2.5 W, the average output powers are found to be 490 mW and 520 mW for the M-mode and Z-mode, respectively. The mode-locked pulse widths are measured to be approximately 22.2 and 21.1 ps for the M-mode and Z-mode, respectively.
